Figure 1. GroEL Structure
Structure of the GroEL 14 mer with one subunit outlined (left) and expanded to show the polypeptide backbone (right) from the X-ray crystallographic results of Braig et al. (1994 Braig et al. ( , 1995 . The oligomer structure on the left was produced from the atomic structure, filtered to 25 Å resolution, and shown as a rendered surface. Two bridges of density, numbered 1 and 2, link each subunit to two others on the opposite heptameric ring. Right, each subunit contains three domains: equatorial, intermediate, and apical. The equatorial domain contains the interring contacts and the ATP binding site. A helical segment running between contact 1 and the ATP phosphates is shown as a ribbon. An exposed region of antiparallel polypeptide chains (hinge 1) forms the junction between equatorial and intermediate domains. The small intermediate domain consists mainly of antiparallel ␣-helices coiled around each other and joins to the apical domain via a second exposed region (hinge 2). The apical domain contains the substrate-binding sites (shown in space-filling form), which coincide with most of the GroES binding sites.
Results
The structures shown in Figures 3b-3e are reliable to 30 Å resolution. The handedness is not determined by this method and was chosen to match the lower ring Nucleotides Induce a Range of Conformational Changes in GroEL (less opened in the nucleotide complexes) to the crystal structure of GroEL (shown as a rendered surface at 30 Å Images of frozen-hydrated GroEL complexes (see Figure 2a) show characteristic ring-like end views (along the resolution in Figure 3a ). The GroEL EM structure ( Figure  3b ) is in good agreement with the crystal structure to 7-fold axis) and rectangular side views (perpendicular to the axis). Side views have four layers of density, corre-30 Å resolution, although one cavity is more open than those in the crystal structure (which has exact 2-fold sponding to the two stacked rings of subunits, each with two major domains, and end views show the 7-fold symmetry), and the other is more closed. The crystal structure reveals two interring contacts per subunit (Figsymmetry. In the presence of ADP (Figure 2b ), the structure is opened out radially (end views) and elongated ure 1); these are not separately resolved at 30 Å . All of the GroEL-nucleotide complexes show vertical (side views). Although this is difficult to see on the raw images, it is very obvious once the signal-to-noise ratio opening and twisting of the apical domains (Figures 3c-3e; ADP, AMP-PNP, and ATP, respectively). Comis improved by averaging a few views. In the presence of GroES and ADP, bullet-shaped complexes are formed pared with GroEL, the nucleotide-bound structures have all become elongated, and they all show different (Figure 2c) , and with GroES and AMP-PNP, bullet complexes and some football-shaped (American football) amounts of apical domain twisting and deviation from 2-fold symmetry. In each case, the ring shown in the complexes are formed (Figure 2d) .
Starting with about 1000 side views of each structure upper position is the more open one, and each structure has different apical domain orientations around the caviextracted from such untilted images, we have calculated 3-D reconstructions of a set of GroEL-nucleotide comties. The ADP structure shows the most opening of the rings (Figure 3c ). For all the structures, the equatorial plexes by angular refinement against model projections. Cryo-EM images of individual frozen-hydrated GroEL complexes after selection from the original micrographs, alignment, and filtering. A set of four end (round) and four side views (rectangular, with four layers) of each sample are shown.
The diameter of the GroEL oligomer is about 140 Å . An increase in separation between the side view layers can be seen in GroEL-ADP (b) relative to GroEL (a). The GroELGroES-ADP sample contains bullet-shaped complexes, and the GroEL-GroES-AMP-PNP sample contains bullet and footballshaped (last two views) complexes.
domains are relatively constant, but there are differences in the interring contacts between the ATP structure and all the others. The ATP structure shown was obtained from grids that were vitrified within 4 s of ATP addition; the structure of the steady-state ATP complex appears very similar (data not shown). The ATP structure the hinge region (indicated by the asterisk) in the sequence GroEL (shaded)-GroEL-ADP-GroEL-ATP. This would cause the substrate-binding site (shown as a bar
The domain movements in the GroEL ATPase cycle on one subunit) to be rotated out of the central channel, are best appreciated by viewing the succession of forms towards the intersubunit interface. The bottom views as a movie, available as additional material on the Web (Figure 4b) show that the lower apical domains pivot site http://www.cell.com. anticlockwise in ADP (seen as clockwise when viewed from below, as in Figure 4b ) but that the main movement in ATP is radially inward. This would have a similar effect Significance Tests for the Structural Changes In order to quantitate structural changes occurring durin burying the substrate-binding sites. In Figure 4c , the side views show the pronounced twisting out of the ing the ATPase cycle, we compared the GroEL, GroEL-ADP, and GroEL-ATP structures using the Student's t apical domains in the GroEL-ADP structure relative to GroEL (shaded); the whole oligomer is more open and test. In Figures 5a and 5b, the GroEL-ADP structure is shown colored according to the significance level of its expanded. In GroEL-ATP (Figure 4d ), there is a further slight twisting and closing of subunits relative to GroELdifferences with unliganded GroEL (Figure 5a ) and with GroEL-ATP (Figure 5b ). Each comparison is shown ADP (light shading); the subunits in the lower ring are rotated inwards, giving a more asymmetric (loss of whole and partly cut open to allow a view into the inside of the cage. Blue regions indicate that no significant 2-fold) structure. change is detected, whereas red coloring indicates diftides, GroEL has very high affinity for one GroES and low affinity for a second GroES (Chandrasekhar et al., ferences significant at p << 0.0005 (p, probability that the differences are due to chance). The comparison be-1986; Bochkareva et al., 1992; Todd et al., 1994; Llorca et al., 1994) . These complexes show much greater rotatween GroEL-ADP and GroEL (Figure 5a ) highlights the ends of the apical domains, which are rotated away from tions and distortions of the apical domains in the cis (GroES-bound) ring of GroEL ( Figure 6 ). Thin bridges of the equatorial domains, and a localized region of change around hinge 1. However, the central part of the strucdensity at the sites of contact between GroEL and GroES are the correct size and position to contain the mobile ture, in the region of the interring contacts, does not show signficant differences. In contrast, the comparison loop regions of GroES in an extended conformation (Landry et al., 1993; Hunt et al., 1996) . The central hole between GroEL-ADP and GroEL-ATP structures (Figures 5b and 5c) reveals a highly significant region of in the GroES is also resolved in these maps. Football structures ( Figure 6d ) were separated from bullet strucchange around one of the interring contacts (red areas at the front center of the structure in Figures 5b and 5c, tures (Figures 6b and 6c) by cross-correlation, testing each image against reference projections from both left). In Figure 5c , the GroEL-ATP structure is shown, colored according to the significance of differences betypes of structure. Footballs accounted for 15%-30% of the side views with ATP in the steady state (after tween it and the GroEL-ADP structure. The comparison between ADP and ATP structures shows that they have 10-20 min in 2.5 mM ATP) and 60%-70% of the side views with AMP-PNP (5 mM). It has been previously different degrees of twist in the apical domains, that the lower cavity is more closed in ATP, and that there is a reported that footballs are not seen with 2 mM ATP␥S (Llorca et al., 1994) . The handedness of the football localized region of difference around the interring contact between the "windows" (the large holes between reconstruction was chosen arbitrarily to match the upper ring of the AMP-PNP bullet. neighboring subunits within each ring; contact 1 in Figure 1) . There is also a small region of significant differThe GroEL-GroES bullet complexes in ADP, AMP-PNP, and ATP show a more restricted range of moveence adjacent to interring contact 2 ( Figure 5c ). ments than the corresponding GroEL-nucleotide complexes. Among the bullet structures, the apical domains Nucleotide-Induced Changes in GroEL-GroES Complexes are in slightly different positions. In the ADP bullet (Figure 6a) , the trans apical domains are more twisted out The full chaperonin system involves complexes between GroEL and GroES. In the presence of adenine nucleoradially than in AMP-PNP or ATP, and the cis apical with GroEL. The differences are confined to the apical domains and
The ADP complex is shown, whole and cut in half, colto a localized region around hinge 1.
ored according to the significance map of its differences the two states. The AMP-PNP bullet complex resembles the ATP complex. The movements are best seen as movies showing alternating views of the two forms (http://www.cell.com). domains have a slightly different tilt. In Figures 7a-7c , outlines of the ADP and ATP bullet structures are overlaid in side, top, and bottom views, showing the differDiscussion ences in twist between the subunits in the two forms. GroES is shaded. The slight twist of the cis apical do-
Mechanism of Allosteric Switching
The changes in GroEL interring contacts suggest a hymains (Figures 7a and 7b ) rotates the contacts with GroES, shown as bars in Figure 7b . Overall, the complex pothesis for transmission of allosteric movements from contact 1 to nucleotide phosphate-binding residues 87-91 and the ATP (purple) are also shown (Boisvert et al., 1996) . The alignment was based on the close match between the GroEL crystal structure ( Figure 3a ) and EM reconstruction (Figure 3b ) and the presence of relatively fixed reference points (intermediate domains) in all the structures. Contact 1, involving residues Lys-105 and Glu-434, shown to be a site of significant variation between the structures by the t test, is shown at the front center of the structures. The connecting density in the ADP structure is greatly reduced and seen as a hole in the front of the ATP structure. The hole to the left of that contact is not resolved in the GroEL and GroEL-ADP structures, but the t test results suggest that there is no significant change occurring in that position. At the resolution of this study, the two contacts are not separated, but their locations, between the windows and between the equatorial domains for contacts 1 and 2, respectively, are unmistakable. (The centers of mass of structural features and difference densities can be determined to much higher accuracy than the spatial resolution, which is a measure of the center-to-center distance between the closest objects that can be resolved into separate peaks of density). We propose that ATP turnover causes allosteric switching between the rings by altering the interring contact about Glu-434/Lys-105. Small displacements of the helix linking Thr-91, in the ATP binding site, to Lys-105, in the contact, might be sufficient to weaken the interaction by withdrawing the lysine, altering the balance of charges in the contact. There is some indication of change around the other contact (Glu-461/Arg-452) in GroEL complexes, and definite changes are seen in this region in GroEL-GroES complexes. Since mutation of Glu-461 interferes with GroES binding and blocks polypeptide release (Fenton et al., 1994) , this points to an important ATP/ADP allosteric change relating contact 2 and the GroES/substrate-binding sites. Changes in both contacts may cause or result from rocking move- structure is ADP-like in the upper ring and ATP-like in the lower ring.) In Figure 9a , the progressive twisting is shown for two adjacent apical domains from GroEL to the nucleotide binding site. Regions around the two contact sites in the GroEL crystal structure (Braig et al., ADP to ATP. Figure 9b shows the outline of one subunit in the cis ring of the GroEL-GroES-ATP complex com-1995) are overlaid on the EM reconstructions in ADP and ATP, respectively, in Figures 8a and 8b . The EM pared with the same subunit in GroEL and in GroEL-ATP, also revealing a progressive rotation and vertical reconstructions are shown as white wire-frame surfaces, and the charged residues in the contacts are extension of the apical domain. On the basis of this 30 Å resolution data, the movements of the GroEL apical shown in blue and red (positive and negative residues, respectively). The helix (green) connecting Lys-105 in domains appear to follow the arc of the hinge rotation. One component of this motion is a twist around a vertical from that in unliganded GroEL. A further site of allosteric movement for GroES-bound complexes is in the Gluaxis, and the other is a rotation in the vertical plane. There is probably also a component of vertical opening 461/Arg-452 contact. Despite these differences, the relative displacements in ADP and ATP bullet complexes from hinge 1.
The most open form of GroEL is found in the presence are similar to those observed in the absence of GroES. The presence of distinct cis apical domain conformaof ADP. In this case, both rings have had a (mainly axial) hinge opening, making the oligomer taller. This explains tions depending on nucleotide is consistent with an ATP-induced change in interaction with a substrate the biochemical finding that ADP decreases the stability of GroEL, implying a more open structure (Gorovits and trapped under GroES, as implied by the observed changes in fluorescence anisotropy of trapped subHorowitz, 1995).
The twisting motion is likely to rotate the substratestrates (Weissman et al., 1996) . Switching between these different states is likely to be important in the binding sites, which face the central channel in GroEL (Fenton et al., 1994) away from the central cavity and assisted folding mechanism. A molecular interpretation of the movements of substrate-binding sites in the towards the subunit contact regions (Figures 4a and 9a ). This would have the effect of progressively occluding GroES complexes is not yet possible and will have to await the atomic structure determination of at least one the binding sites and is in excellent agreement with the progressive reduction of binding affinity of GroEL for of the GroEL-GroES complexes. Movements of the apical domains while they are bound to GroES causes twistnonnative lactate dehydrogenase in the same series of nucleotide complexes (Staniforth et al., 1994) .
ing in GroES, which has been suggested to be a metastable structure by Hunt et al. (1996) , as well as rotation of the mobile loop contacts (Figure 7 ). The significance Movements in GroEL-GroES Complexes:
map indicates global changes in GroEL-GroES comImplications for Encapsulated plexes during the ATPase cycle (Figures 7d and 7e) , in Folding Substrates accord with the mutagenesis findings of Fenton et al. In the complexes with GroES, binding of GroES is ac-(1994). companied by a major rotation and change in twist of the apical domains, a continuation of the motion induced by ATP binding to GroEL alone (Figure 9b ). The cis apical
Comparison with the Crystal Structure of GroEL-ATP␥S domains of GroEL radically change shape, and the twist of the subunits reverses handedness on binding GroES.
In the presence of the nonhydrolyzable analog AMP-PNP, the structure adopts a conformation intermediate Because of this large distortion, the surface exposed for potential substrate interactions may be very different between those of GroEL-ADP and GroEL-ATP. There remains a discrepancy between these cryo-EM results within rings and negative cooperativity between rings ; Kovalenko et and the crystallographic results on GroEL-ATP␥S complexes (Boisvert et al., 1996) . In that study, the nucleotide al., 1994). Unliganded GroEL is mainly in the TT state, and ATP binding converts it to TR and at high ATP binding site was revealed, but the changes seen in the structure were extremely small and did not make apparconcentrations to RR. The R state favors GroES binding, so that RR states would be able to form footballs. The ent a mechanism for progagating the changes in the nucleotide binding pocket to the base of the equatorial GroEL-ATP structure described here (in 2.5 mM ATP; Figure 3e ) represents an ATP-bound state, since the domain and to the hinge rotating the apical domain. The reasons for this apparent discrepancy with the EM work same structure is observed at short times (within one round of ATP turnover) and in the steady state, and are unclear. The crystallographic work was done on the double mutant R13G/A126V, which has reduced negahydrolysis is the rate-limiting step (Jackson et al., 1993; Burston et al., 1995) . Consistent with the structural tive cooperativity (Aharoni and Horovitz, 1996) , and with ATP␥S, which may have different effects on GroEL than asymmetry, our steady-state conditions have been found to produce a TR state (O. Yifrach and A. Horovitz, AMP-PNP. Finally, the great variety of conformations detected in this study suggest that the GroEL subunits personal communication). The ADP state is intermediate in character between are extremely flexible. Packing of such a flexible structure in the crystal lattice may reverse the hinge rotation T and R states, since it has less twist (Figures 4a and  9a ) and only slowly binds GroES (Jackson et al., 1993) . observed by cryo-EM on complexes in solution.
It has recently been assigned to an R-like but distinct allosteric state (O. Yifrach and A. Horovitz, personal 
Relation between Structural and Allosteric States
The cooperative mechanism of GroEL ATPase has been communication). Our analysis suggests that the R state is a collection analyzed in terms of T (tense) and R (relaxed) states, according to the Monod-Wyman-Changeux theory, exof structural forms in which the GroEL apical domains are twisted about the intermediate-apical hinge region, tended to take into account the positive cooperativity drolysis (Gray and Fersht, 1991) and favors the R state (Kovalenko et al., 1994) . Bullet complexes containing
Image Processing
only ADP (Figure 6a ) have high affinity for substrates GroES. These conformational changes are likely to be best with the least tipped reference images and very few with the fundamental to the mechanism by which the GroE sys-12.9Њ images. The variance within each angular class was used to tem chaperones protein folding.
check that the classes were homogeneous. Towards the end of the refinement, 10%-30% of the images with the lowest correlation coefficients were excluded from some data sets. The 12.9Њ tipped Experimental Procedures images were not used. Reconstructions were calculated using iterative back projection, Protein Preparation and Solutions as implemented in Spider. The resolution of each reconstruction Escherichia coli GroE proteins were prepared as previously described (Burston et al., Fenton et al., 1994) . Nucleotides were was assessed by splitting the data set into two and calculating two independent reconstructions, which were then compared by Fourier Bochkareva, E.S., and Girshovich, A.S. (1994) . ATP induces nonidentity of two rings in chaperonin GroEL. J. Biol. Chem. 269, 23869-ring correlation and phase-residual methods. The more conservative phase residual was found to be more realistic. This was established 23871. by comparing the GroEL reconstruction with a map made from the Bochkareva, E.S., Lissin, N.M., Flynn, G.C., Rothman, J.E., and Giratomic structure (Braig et al., 1995) , low-pass filtered to a range of shovich, A.S. (1992) . Positive cooperativity in the functioning of moresolutions. The structures are viewed as rendered surfaces using lecular chaperone GroEL. J. Biol. Chem. 267, 6796-6800. AVS (Advanced Visualization System) software. The contour level Boisvert, D.C., Wang, J., Otwinowski, Z., Horwich, A.L., and Sigler, for each structure was chosen so that the surface enclosed the P.B. (1996) . The 2.4 Å crystal structure of the bacterial chaperonin correct molecular volume, assuming a protein density of 1.37 g/cm 3 .
GroEL complexed with ATP␥S. Nature Struct. Biol. 3, 170-177.
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